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The degradation of tetracycline (1) by ozone in aqueous solution was investigated. High
performance liquid chromatography (HPLC), UV-visible spectroscopy (UV-Vis), and total
organic carbon (TOC) analyses revealed that although tetracycline was quickly consumed
under this oxidative condition, it did not mineralize at all. Continuous monitoring by
electrospray ionization mass spectrometry in the positive ion mode, ESI()-MS, revealed that
tetracycline (1), detected in its protonated form ([1  H]) of m/z 445, reacted to yield almost
exclusively two unprecedented oxidation products (2 and 3) via a net insertion of one and two
oxygen atoms, respectively. Compound 2, suggested to be formed via an initial 1,3-dipolar
cycloaddition of ozone at the C11a-C12 double-bond of 1, and Compound 3, proposed to be
produced via a subsequent ozone attack at the C2-C3 double-bond of 2, were detected in their
protonated forms in the ESI()-MS, i.e., [2H] of m/z 461 and [3H] of m/z 477, and were
further characterized by ESI()-MSn. LC-APCI()-MS (liquid chromatography coupled with
atmospheric pressure chemical ionization mass spectrometry in the positive ion mode)
experiments corroborated the results. (J Am Soc Mass Spectrom 2007, 18, 679–687) © 2007
American Society for Mass SpectrometryPharmaceuticals are now recognized as a new classof pollutants and have been the subject of grow-ing concern and scientific interest [1]. Urban
wastewaters and effluents from sewage treatment
plants (STP) are continuously contaminated by inap-
propriate disposal of several drugs [2], which results in
their introduction to a wide range of environmental
matrixes, including surface, ground, and drinking wa-
ter, as well as soils [3, 4].
Early inquiries focused predominantly on the origins
and occurrence of pharmaceuticals in the environment
but, more recently, the application of more efficient
water and wastewater treatments, especially advanced
oxidative processes (AOP) [5, 6], has attracted the
foremost attention [7]. The efficient removal of drugs
from effluents is thus especially relevant owing to their
toxic effects on several aquatic organisms [8]. Ozona-
tion has been proposed to be an appropriate means to
promote the degradation of pharmaceuticals in water
and wastewaters [9–11]. The application of ozonation to
remediate the obnoxious odors of swine manure slurry
has also been reported [12].
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doi:10.1016/j.jasms.2006.12.001Tetracyclines, a well-known class of antibiotics, have
been used in human and animal treatment against
infectious diseases, as an additive to animal feeds
(poultry, cattle, and swine), in aquaculture, and to
inhibit fungal growth in fruit trees. In the mid-1990s, its
estimated consumption in the United States and Europe
was 5500 tons/y [13]. Residual tetracyclines, found in
soils fertilized with animal slurry [14] and in several
wastewater treatment facility (influent/effluent) sam-
ples [15], can induce the development of multiresistant
bacterium strains [16].
Atmospheric pressure ionization (API) methods,
such as electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI), show a remark-
able capacity to gently generate ionic species in the gas
phase, usually without any undesirable side reaction
[17–19]. These convenient features make these methods
ideal to analyze compounds with a broad range of
polarities and stabilities. Because of that, ESI-MS and
APCI-MS have been extensively used to acquire rele-
vant and unprecedented information about transient
and unstable species formed during the course of a
number of chemical reactions in aqueous solutions
[20–22], including oxidation processes [23–27].
In addition to the degradation efficiency studies, the
identification of byproducts arising from oxidation
treatments, which can be more hazardous than the very
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ment. Hence, in this work we examined the degradation
of tetracycline (1) by ozone in aqueous solution. High
performance liquid chromatography (HPLC), UV-visible
spectroscopy (UV-Vis), and total organic carbon (TOC)
analyses were performed to estimate the substrate deg-
radation rate as well as to verify the presence of residual
organic compounds in solution. Electrospray ionization
mass and tandem mass spectrometry (ESI-MS and
ESI-MSn, respectively) were applied to an in situ detec-
tion and characterization of a number of degradation
products. LC-APCI-MS (liquid chromatography cou-
pled with atmospheric pressure chemical ionization
mass spectrometry) analyses were also employed to
confirm the ESI-MS results.
Experimental
Chemicals
Tetracycline hydrochloride (TC-HCl) (Sigma-Aldrich,
Milwaukee, WI), HPLC-grade acetonitrile (JT Baker,
Phillipsburg, NJ), and oxalic acid (Sigma-Aldrich) were
used without further purification. Double distilled wa-
ter was used to prepare the solutions in all experiments.
Ozone was produced by a generator (Eletro-Triozon,
Florida/MS, Brazil) fed with pure synthetic air. The
ozone flow rate, determined by the KI–Na2S2O3 titra-
tion method, was determined to be ca. 2.5 mol·min1.
Ozonation
An aqueous solution of TC-HCl (200 mL, 2  104
mol·L1, natural pH  3) was continuously bubbled
with the ozone/air gas stream. Aliquots of the solution
were collected at several reaction times and immedi-
ately sonicated for 1 min and analyzed by UV-Vis,
HPLC-UV, TOC, ESI-MS, and LC-APCI-MS techniques.
Analytical Methods
UV-Vis spectroscopy. Absorbance measurements were
performed using a Cary 50 Conc instrument (Varian,
Mulgrave, Australia) equipped with a quartz cell with a
path 1 cm long and using baseline correction. The scan
rate was 300 nm·min1 and the data point interval was
0.5 nm.
HPLC-UV. The analyses were performed in an SPD-
10A instrument (Shimadzu, Kyoto, Japan) using a Hy-
persil C18 column (250 mm long, 4.6 mm i.d., 5 m
particle size). The following operating conditions were
employed: isocratic elution of acetonitrile/0.01 mol·L1
aqueous oxalic acid (1:1), flow rate of 1 mL·min1,
injection volume of 20 L, and UV detector set up at 275
and 350 nm.TOC. The experiments were carried out in a TOC
5000A (Shimadzu) instrument at 680 °C using a plati-
num catalyst.
ESI-MS and ESI-MSn. The analyses were conducted in
an LCQ Advantage (ThermoElectron, San Jose, CA)
mass spectrometer operating in the positive ion mode
with an electrospray ionization (ESI) source. Mass spec-
tra were obtained as an average of 50 scans, each
requiring 0.02 s. The aliquots were directly injected into
the ESI source at a flow rate of 5 L·min1 by a micro
syringe. ESI source conditions were as follows: heated
capillary temperature 200 °C; sheath gas (N2) flow rate
20 units (ca. 0.30 L·min1); spray voltage 4.5 kV; capil-
lary voltage 25 V; tube lens offset voltage 25 V. For
ESI-MSn, the precursor ions were first isolated by ap-
plying an appropriate waveform across the end cap
electrodes of the ion trap to resonantly eject all trapped
ions, except ions of the m/z ratio of interest. The isolated
ions were then resonantly excited with a supplementary
AC signal to cause collision-induced dissociation (CID).
The relative collision energy was set to a value at which
the product ions were produced in measurable abun-
dance and varying from 18 to 40%. The isolation width
used in the MSn experiments was 1 m/z unit.
LC-APCI-MS. The analyses were conducted in the
same mass spectrometer as previously described, cou-
pled with an APCI source operating in the positive ion
mode. The mass spectra were obtained continuously
during chromatographic run, each scan requiring 0.02 s.
The aliquots were introduced in the APCI source
through the LC system fitted with a rheodyne injector
(20 L loop) coupled with a Hypersil C18 column (250
mm length, 4.6 mm i.d., 5 m particle size) and a piston
pump (Shimadzu 10AD). The LC operating conditions
were as follows: isocratic elution of acetonitrile/0.01
mol·L1 aqueous oxalic acid (6:4) and flow rate of 0.5
mL·min1. APCI source conditions were as follows:
discharge voltage 3 kV, discharge current 5 A, capil-
lary voltage 4 V, vaporizer temperature 450 °C, capil-
lary temperature 150 °C, sheath gas (N2) flow rate 60
units (ca. 0.90 L·min1), and auxiliary gas (N2) flow rate
15 units (ca. 0.22 L·min1).
Results and Discussion
Degradation of Tetracycline
The degradation of tetracycline (1) by ozone in aqueous
solution was initially monitored by UV-Vis spectros-
copy. Figure 1 shows the UV-Vis spectra of: (Figure 1a)
the initial solution of tetracycline at 2.0  104 mol·L1,
and (Figure 1b–d) aliquots withdrawn after successive
reaction times of 20 to 120 min.
As can be seen in Figure 1, the UV-Vis spectra
undergo changes as the reaction proceeds. The absor-
bance at the two characteristic wavelengths of 1, i.e., ca.
275 and 360 nm, continuously decreases, whereas a
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observed. These results thus indicate that under these
reaction conditions, degradation products are continu-
ously formed simultaneously to the consumption of
tetracycline. It also seems that the chemical structures of
these products are similar to that of tetracycline.
The HPLC-UV chromatograms obtained for aliquots
collected at different reaction times are shown in Figure 2.
It can be observed that the intensity of the tetracycline
Figure 1. UV-Vis spectra of: (a) an aqueous solution of tetracy-
cline at 2  104 mol L1, and (b)–(d) aliquots of the solution
withdrawn after different times of reaction with ozone.
Figure 2. HPLC-UV (275 nm) chromatograms of aliquots taken
at different times of reaction with ozone (0 to 120 min). Note the
appearance of new chromatographic peaks with retention times
shorter than that of tetracycline (1).peak (retention time of 12 min) decreases as the reaction
advances. Plots of the normalized tetracycline peak area
and the solution total organic carbon (TOC) as a func-
tion of reaction time are shown in Figure 3. Observe that
whereas tetracycline is almost fully consumed after a
reaction time of 120 min, only ca. 5% of TOC removal is
observed. These results thus suggest that the ozonation
promotes the degradation of tetracycline but does not
lead to its mineralization (i.e., its conversion to small
molecules such as CO2, H2O, and NH3). Other organic
compounds are formed in solution and their mineral-
ization is likely quite slow, at least under such condi-
tions. In fact, the new peaks detected during the HPLC
monitoring (Figure 2) with retention times shorter than
that of tetracycline strongly support such assumption.
Also note that the intensities of these peaks increase
continuously, thus indicating that these degradation
products remain stable in solution upon their forma-
tion. The exception to this general behavior seems to be
a degradation product that elutes in a retention time of
ca. 10 min: its chromatographic peak reaches a maxi-
mum intensity after a reaction time of ca. 80 min and
decreases afterwards. This result thus indicates that this
product is continuously formed and subsequently con-
verted into another product. These HPLC results also
indicate that these degradation products have higher
polarity than that of tetracycline, since they elute faster
from the non-polar (C18) chromatographic column.
ESI-MS Monitoring, ESI-MSn Structural
Evaluation, and LC-APCI-MS Analyses
Figure 4 displays representative ESI mass spectra in the
positive ion mode, ESI()-MS, of the tetracycline (1)
aqueous solution acquired after 0, 80, and 140 min of
ozone bubbling. In Figure 4a, which displays the
ESI()-MS of the initial solution of tetracycline (1) at
2.0 104 mol·L1, an intense and prominent ion of m/z
Figure 3. Normalized concentration (C/Co) of tetracycline (in-
verted filled triangle) as a function of time as monitored by
HPLC-UV and total organic carbon (filled square) (TOC/TOCo)
for aqueous O3 degradation. C0  2  10
4 mol·L1 for TOC0 
52.8 mg·L1.445, corresponding to [1  H], is observed. Successive
of the
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fragmentation upon collision-induced dissociation
(CID) yielded the following sequence: [1  H] (m/z
445) ¡ [1  H  NH3]
 (m/z 428) ¡ [1  H  NH3 
H2O]
 (m/z 410) (ESI()-MS2 and -MS3 not shown). The
fragmentation pathways (Scheme 1), especially the wa-
ter loss involving the hydroxyl group bound at the C6
atom, were proposed based on previous results de-
scribed in literature [29–31].
Although the degradation process was monitored in
intervals of 20 min, only the ESI()-MS obtained after
reaction times of 80 and 140 min are displayed in
Figures 4b and 4c, respectively. Note that the relative
intensity of the ion [1  H] of m/z 445 decreases
considerably as the reaction proceeds, whereas two new
and intense ions of m/z 461 and 477 are clearly detected.
These data indicate a continuous consumption of tetra-
cycline (1) in solution, as was also verified in the
previously described HPLC-UV and UV-Vis data, with
the concomitant formation of the oxidation products 2
and 3, as shown in Scheme 2 (the proposed mechanism
for the formation of both products is discussed later in
this paper). For longer reaction times, the ESI()-MS
(not shown) revealed that the intensity of the [2  H]
ion (of m/z 461) continuously decreased whereas the
intensity of the [3  H] ion (of m/z 477) concomitantly
increased. These results thus indicate that Compound 3
was continuously formed via a probable oxidation of 2.
In addition, it seems that no extensive degradation of 3
occurred under these reaction conditions.
As represented in Scheme 1, the mass-selection and
fragmentation of the ions of m/z 461 ([2  H]) and 477
([3  H]) (ESI()-MS2 not shown) yielded mainly
product ions arising from the loss of NH3 (m/z 444 and
460, respectively). Also note in Scheme 1 a remarkable
difference in the fragmentation of the ion [1  H 
Figure 4. ESI()-MS monitoring of the reaction
(a) 0 min, (b) 60 min, and (c) 140 min. To allow a m
in the three spectra are relative to the abundanceNH3]
 (m/z 428), which dissociates mainly via the lossof H2O, and the structurally analogous ions [2  H 
NH3]
 (m/z 444)/ [3  H  NH3]
 (m/z 460), which
fragment predominantly via the release of CO2. A
reasonable, but not definite explanation for such dis-
crepancy could be proposed taking into account that the
ion [1  H  NH3]
, which contains a hydroxyl group
at position C6, loses water to form a highly stabilized
carbocation [31, 32]. However, in the [2  H  NH3]

and [3  H  NH3]
 ions, strong hydrogen bonds could
be formed between the hydroxyl groups connected at the
C6 and C11a atoms, although not easily visualized in the
structures as represented in Scheme 1. This could hamper
the expected water loss and, as a consequence, promote
the unusual and less-favorable CO2 release.
Other ions, also detected in ESI()-MS (Figure 4b
and c), are assumed to be [1Na] (m/z 467), [2Na]
(m/z 483), and [3  Na] (m/z 499). The ion of m/z 444
results from the dissociation of the ion [2  H], as
confirmed by the CID experiments (not shown).
LC-APCI-MS Analyses
To confirm the results, the reaction aliquots were also
analyzed by LC-APCI()-MS. The choice of APCI
rather than ESI source is because typical APCI condi-
tions can prevent an interface obstruction usually
caused by the required use of oxalic acid (a nonvolatile
compound) in the LC mobile phase [33]. Figure 5
displays the total ion chromatograms (TIC) of (a) the
tetracycline aqueous solution and of aliquots taken
at (b) 30 min, (c) 90 min, (d) 150 min. Note that the
chromatogram profiles are quite similar to those
obtained by HPLC-UV analyses (Figure 2). The
APCI()-MS of the main chromatographic peaks are
also shown in Figure 5. The presence of a prominent ion
of m/z 445 in the APCI()-MS reveals that tetracycline
acycline (1) with ozone in aqueous solution after:
consistent comparison, the abundances of all ions
ion of m/z 445 in the first spectrum (a).of tetr
ore(1) is the compound that elutes at ca. 24.0 min. The
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matographic peaks, i.e., with retention times of ca. 21.0
and 14.5 min, are likely related to the oxidation prod-
ucts 2 (detected as the protonated molecule of m/z 461)
and 3 (identified by the major presence of the ion of m/z
477), respectively (Figure 5). These findings thus cor-
roborate the results obtained by direct ESI()-MS anal-
yses. The ion of m/z 449, detected in the APCI()-MS of
the compound assumed to be 3, is suggested to be
formed via an extrusion of CO from the ion [3  H] of
m/z 477 probably induced by successive collisions with
the buffer gas or even owing to the high-temperature
conditions of the APCI ion source (450 °C) (Scheme 3).
Single ion chromatograms (SIC, not shown), obtained
by the monitoring of the ions of m/z 461 and 477,
revealed that each chromatographic peak, assumed to
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Scheme 1. Fragments proposed to be forme
dissociation (CID) of the precursor ions [1H]
and their respective product ions [1  H  NH3]
NH3]
 (m/z 460).predominant peak and other minor peaks. These resultsare thus consistent with the presence of diastereoiso-
mers that are expected to be present in solution upon
the reaction of 1 with ozone, as shown in Scheme 2.
Recent reports have shown that other advanced
oxidative processes (AOP), such as UV and TiO2/UV,
also promote the degradation of tetracycline in aqueous
solution but lead to a different set of products [34–37].
The oxidation products 2 and 3, assumed to be formed
upon the ozonation of tetracycline (Scheme 2), have not
been previously detected in similar degradation proce-
dures using a number of AOP.
Ozonation of Tetracycline: Mechanism
and Product Structures
In water solution, ozone can react with organic com-
[3 + H - NH3 - CO2]
+ m/z 416]+ m/z 400
[3 + H - NH3]
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 (m/pounds via: (1) direct 1,3-dipolar cycloaddition to dou-
684 DALMÁZIO ET AL. J Am Soc Mass Spectrom 2007, 18, 679–687ble bonds (CC, CN, NN); and (2) in situ generation
of hydroxyl radicals [38], reactive species formed dur-
ing ozone decomposition specially at high pH [39] (note
that such specific pH conditions were not employed in
our experimental setup as described in Experimental
section). Therefore, the formation of the oxidation prod-
uct 2 is proposed to involve an initial 1,3-dipolar
cycloaddition of ozone, an electrophilic specie, towards
the C11a-C12 double-bond of 1 to yield an unstable
ozonide intermediate [40], which in fact was not de-
tected during the ESI()-MS monitoring (Scheme 4).
Note that the C11a-C12 double-bond, which is con-
nected to only one electron-withdrawing substituent
(the carbonyl group), is proposed to be much more
susceptible to the ozone attack than the other available
double-bond (C2-C3) of 1, which bears two carbonyl
groups [41, 42]. The transient ozonide is proposed to
quickly decompose, via the release of an O2 molecule, to
generate an unstable epoxide intermediate. The forma-
tion of epoxides during ozonation is a well-known
process that becomes especially important when bulky
substituents are connected to the double bonds [43], as
is the case of both double bonds in tetracycline. Finally,
this epoxide is suggested to quickly undergo a rear-
rangement, facilitated by the presence of a hydroxyl
group at position C12, to form product 2. The formation
of product 3 is proposed to occur via the reaction of
ozone at the C2-C3 double-bond of 2 via an identical
mechanism (Scheme 4).






































Scheme 2. Reaction pathways proposed for th
tetracycline (1) with ozone in aqueous solution.
by ESI()-MS or LC-APCI()-MS.reaction of ozone at the benzene ring of 1, anotherpossible reactive site [44], was not taken into account
since aromatic compounds are much less prompt to
ozone attack than conventional olefins especially at
the mild conditions employed herein [45]. Further-
more, the formation of additional products via the
insertion of oxygen atoms at different positions of 1
was also not proposed owing to the lack of sites in
this molecule which could be promptly attacked by
ozone. A similar argument explains why Compound
3 seemed not to undergo extensive degradation un-
der these mild conditions. In addition, it must be said
that other examples on selective oxidation of phar-
maceuticals at specific sites by aqueous ozone have
already been reported [9].
Finally, it is important to mention that the oxygen
atoms of the keto-carbonyl and hydroxyl groups
seem to play a major role in the antibacterial activity
of tetracycline (1), although the complete mechanism
is not known so far [46]. The oxidation products  2 and
3 can probably exhibit a similar (or even higher)
activity than that of 1 since these critical sites, i.e., the
oxygen atoms of the keto-carbonyl and hydroxyl
groups, are preserved in their structures. For in-
stance, it has been reported that 9-hydroxytetracy-
cline has a larger antibiotic activity in comparison to
that of tetracycline [47]. However, their higher polar-
ities, and hence higher solubilities in water in com-
parison to that of 1, can facilitate their distribution














[2 + H]+ m/z 461
ation of products 2 and 3 upon the reaction of
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Ionsable consequences.
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tetracycline by O in aqueous medium (aliquots withdraw after reaction times of 0, 30, 90, and 1503


























+Scheme 3. Formation of the ion of m/z 449 via the extrusion of CO from the ion [3  H] of m/z 477.
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As clearly revealed by the ESI-MS and LC-APCI-MS
analyses, in conjunction with the HPLC-UV, UV-Vis,
and TOC data, tetracycline (1) quickly reacts with O3 in
aqueous solution to presumably form the oxidized
derivatives 2 via an initial 1,3-dipolar cycloaddition of
ozone at the C11a-C12 double-bond of 1, and 3 by a
subsequent ozone attack at the C2-C3 double bonds of 2.
Such results thus indicate that O3 promotes neither the
mineralization of tetracycline nor the formation of side-
products by extensive ring breakdown, at least under
the mild conditions employed herein. The extraordi-
nary ability of ESI-MS to transfer short-lived and highly
polar intermediates, such as 2 and 3, directly from the
aqueous solution to the gas-phase allowed their prompt
detection and characterization (via ESI-MSn). Further-
more, the detection of products 2 and 3 by GC-MS, the




































tetracycline (1; 444 Da)
O3
12
Scheme 4. Reaction mechanism proposed for th
tetracycline (1) with ozone in aqueous solution.reaction mixtures, would be much more difficult owingto the complex and time-consuming procedures re-
quired [48]. Finally, additional studies are required to
verify whether the two main oxidation products (2 and
3) could cause serious environmental damages.
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